The main target of a biorefinery pretreatment process is to break down the ligninreinforced plant cell wall structure prior to enzymatic hydrolysis of polysaccharides to fermentable sugars. Various physico-chemical alterations occur in lignin during the biomass pretreatment, but effects of those structural changes on subsequent enzymatic hydrolysis have remained ambiguous. We review the reinforcing and detrimental lignin-enzyme interactions and their underlying mechanisms, and use this structure-function information to assess critical features of current and emerging pretreatment technologies. Our perspective is that truly multidisciplinary research is needed to develop pretreatments that render lignin non-inhibiting to enzymes and with high potential for further valorisation.
Introduction
Lignins are methoxylated polyphenols that strengthen and protect plant cell walls against decomposition. Lignocellulosic biorefineries relying on enzymatic hydrolysis of carbohydrates, in the following simply referred to as 'biorefinery', require a feedstock pretreatment step to overcome this constraint from lignin complicating the saccharification process (Galbe, Zacchi 2012) . Compared to structurally heterogeneous and hotwater extractable hemicelluloses (Borrega et al. 2013) , cellulose consist of highly ordered regions in fibres that retard hydrolysis. Unwanted impacts of lignin on the action of cellulases include non-productive adsorption, denaturation, inhibition, and the mere physical constraint to their substrates (Pan 2008) . Although lignin has been deemed responsible for the majority of the detrimental effects observed in saccharification (Zeng et al. 2014) , some pretreatments produce well hydrolysable substrates without separating lignin (Wyman et al. 2005) . In most cases however, structural differences in the lignin component affect the performance of the saccharification process, and also determine the economic viability of utilizing this lignin for the generation of energy or valueadded chemicals (Narron et al. 2016; Ragauskas et al. 2014; Rinaldi et al. 2016) . A comprehensive assessment of new and emerging pretreatment processes is thus of pivotal interest.
Two recent reviews presented applied strategies to overcome the detrimental lignin-cellulase interactions Saini et al. 2016) . Recent years have seen also more general reviews focusing on process perspectives of lignocellulose pretreatments (Behera et al. 2014; Galbe, Zacchi 2012; Jönsson, Martín 2016) . Generally, all earlier literature suggests that lignin has a major impact on pretreatment, saccharification, and fermentation of lignocellulosic feedstocks to chemicals. Nevertheless, views regarding the consequences of structurally altered and re-localized lignin within pretreated substrates and its interplay with cellulolytic enzymes are scattered and in part conflictive. For instance, intriguing evidence has accumulated concerning the hydrolysis-enhancing impacts of lignin (Cheng et al. 2014; Lai et al. 2014 Lai et al. , 2016 Leskinen et al. 2017; Lin et al. 2015; Müller et al. 2015; Rodríguez-Zúñiga et al. 2015; Zhou et al. 2013a; Zong et al. 2016 ), but their underlying mechanisms need further elucidation.
This paper reviews recent literature on enzyme-lignin interactions as well as the structural changes of lignin in leading and emerging pretreatment processes, and links the two phenomena to analyse impacts on the enzymatic saccharification. We point out areas in which structural information of lignin is missing and that hence deserve future research in this aspect. As an outcome, the reader may find insight into the question of how to critically assess and select pretreatment technologies that can be integrated with biochemical lignocellulose utilization, and help regarding how to predict what kind of lignin arises as a co-product stream.
Overview of structural constitution of native lignin
As a phenolic polymer, lignin is structurally distinct from the other main plant polymers, cellulose and hemicellulose (Lapierre, 2010) . Lignification occurs via free radical polymerization processes which produce irregularly interlinked polymers from methoxylated monolignols (Fig 1) . The proportions of the three main monolignols p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S) vary according to botanical origin (Faix 1991; Freudenberg, Neish 1968) . Typical classification recognizes three main types of lignins, G in softwood, GS in hardwood, and HGS in grasses, based on the monolignols indicated above (Faix, 1991; Lapierre, 2010) .
Examples of Norway spruce milled wood lignin (MWL) structures are given in Fig 1. The oligomers and polymers resulting from lignification consist of carbon-carbon and ether linkages both in linear and cyclic arrangements. The most abundant bond type is the non-cyclic β-O-4' linkage (β-ether, structure A in Fig 1) that comprises approximately half of all bonds in native lignin, with higher relative abundance in hardwood lignins (Chakar, Ragauskas 2004 ). Compared to thermochemically more resistant β-β', 5-5', and 4-O-5' interunit bonding motifs the importance of α-ethers and β-ethers is obvious, since these thermochemically labile linkages determine reactivity of lignin in pretreatments.
The association of lignin with other cell wall components is an issue that requires further elucidation. It is generally accepted, albeit still not fully proven, that lignin besides being physically associated with other components, is covalently linked to certain polysaccharides in plant cell walls, forming so-called lignin-carbohydrate complexes (LCCs) (Iiyama et al. 1994; Jacquet et al. 1995; Watanabe et al. 1989) . When taken together, the average abundance of lignin-carbohydrate linkages such as benzyl ether and phenyl glycoside linkages has been quantified at 4−9 per 100 aromatic motifs in lignin isolated from pine, birch and poplar wood (Balakshin et al. 2011; Yuan et al. 2011) .
While the quantity and quality of lignin-carbohydrate interactions still need elucidation from analytical and application viewpoints, structural characteristics of lignin have received major updates in recent years. The first aspect concerns the molar mass distribution of isolated lignins, which is commonly analysed by size-exclusion chromatography (SEC) (Asikkala et al. 2012; Baumberger et al. 2007; Salanti et al. 2012) . SEC-based approaches are constantly revisited, in terms of sample derivatization (Salanti et al. 2011 , Asikkala et al. 2012 , Leskinen et al 2015a , in terms of using aggregate-breaking solvents (Sjöholm et al. 1999 , Zoia et al. 2011 , in terms of advanced detector technology (Fredheim et al. 2002) , in terms of hardware standardisation and data treatment (Lange et al. 2016a) , or just in terms of overall process efficiency (Sulaeva et al. 2017) . Alternative methods for the molecular size determination of lignins, such as MALDI-based attempts (Richel et al. 2012) or flow fieldflow fractionation (Sulaeva et al. 2015) did not resolve the fundamental analytical challenges involved with lignin SEC. Additionally, the molecular weight of lignin in the form in which it exists in cell walls is potentially inaccessible with any of the currently available analytical methods in spite of recent trials using whole biomass samples (Zoia et al. 2011 , Leskinen et al 2015a .
Nevertheless, it has been shown that milled wood lignin (MWL) that is considered structurally close to native lignin in plants in terms of structural motifs as such, consists of linear oligomers rather than branched polymers (Crestini et al. 2011) . These oligomeric chains of lignin may be linked via relatively few labile α-ether linkages to carbohydrates or form networked or branched structures (Leskinen et al. 2015a ). In the former case, SEC analysis may overestimate molecular weight of a lignin molecule due to the associated carbohydrate fragment. The second aspect concerns the extent of "condensed" linkages from the 3 and 5 positions of the aromatic ring, which give rise to branched molecular structures. The proportion of these condensed structures in native lignin is now understood to be very low (Crestini et al. 2011; Lundquist, Parkås 2011) . The third aspect concerns the thermal characteristics of lignins and their effect on impeding saccharification as well as the potential value exhibited by the lignin sidestream. In addition to chemical changes, thermally induced reorganization of lignin occurs during pretreatments at temperatures typically exceeding 170ºC (Li et al. 2014a; Selig et al. 2007 ). Lignins follow the behaviour typically expected for amorphous polymers: the glass transition at elevated temperatures occurs over a broad temperature region depending on the severity of prior thermochemical treatment (Ko et al. 2015) . Nevertheless, correlating thermal properties of lignins with selected structural features still remains unsettled (Lange et al. 2016b; Sadeghifar, Argyropoulos 2015; Sevastyanova et al. 2014) .
Model systems for studying enzyme-lignin interactions
Research on the inhibitory effects of lignin is challenging in situ mainly due to the lack of methods that could distinguish and compare the different inhibitory mechanisms that occur during the actual hydrolysis process. Nevertheless, several systems that employ isolated lignin, hydrolysis residue lignin (Li et al. 2014a; Pan 2008; Rahikainen et al. 2013b; Yu et al. 2014) , artificial lignin dehydrogenative polymers (DHPs) (Grabber et al. 1997) , lignin derivatives (Pan 2008) , and cell wall model materials (Grabber 2005) have been developed to enable mechanistic research on the inhibitory role of lignin. Additionally, although not fully mimicking the complex cell wall structure, constructed thin films enable the use of surface sensitive characterization techniques for tracking interactions of enzymes with cellulose and lignin (Fritz et al. 2015; Hoeger et al. 2012; Martín-Sampedro et al. 2013; Rahikainen et al. 2013b; Sammond et al. 2014) . It is needless to emphasize, however, that the main challenge is that the choice of lignin and the method used for constructing the model affects the results.
Over the decades of research, isolation methods for 'analytical' lignin preparations have been established and widely used in fundamental studies regarding lignin reactivity and valorisation. Mechanical particle size reduction, usually by ball milling, is the initial step in these procedures, which yield MWL (Björkman 1956), acidolysis lignin (AL) (Pepper et al. 1959) , cellulolytic enzyme lignin (CEL) (Chang et al. 1975) , and enzymatic mild acidolysis lignin (EMAL) (Guerra et al. 2006) . Isolation of CEL lignin involves an enzymatic hydrolysis stage after ball-milling to remove cell wall carbohydrates, whereas MWL lignin is directly solubilized from the ballmilled biomass. The EMAL protocol is a combination of MWL and CEL isolation involving all three steps: ball milling, enzymatic hydrolysis and lignin extraction in mildly acidic conditions. The CEL method was recently (Capanema et al. 2014) . The main benefit of the RCEL preparation is its higher lignin yield compared to those from the other procedures. A common approach to study the inhibitory effect of lignin in enzymatic hydrolysis is to supplement pure cellulosic substrates such as microcrystalline cellulose with isolated lignins (Chernoglazov et al. 1988; Kumar et al. 2012; Zhang et al. 2016) . Hydrolysis residue lignin is commonly applied in the experiments due to the anticipated chemical and morphological similarity with the lignin present in process conditions (Rahikainen et al. 2011 (Rahikainen et al. , 2013b . The extent of lignin-derived inhibition in this type of model system is dependent on the lignin used but also on the accessibility and specific surface area of the cellulosic substrate (Kumar et al. 2012) . Biomass reconstruction was more recently introduced to study the role of lignin in biomass hydrolysis (Jung et al. 2010; Leskinen et al. 2017; Yu et al. 2014) . Reconstructed samples can be prepared by acidification induced precipitation of lignin from alkaline solution onto pulp fibres. Another approach is provided by solvent mediated deposition, followed by slow evaporation (Leskinen et al. 2017) . The use of reconstructed biomass enables assessing enzyme inhibition arising both from enzyme adsorption and physical blocking of carbohydrate surfaces ), but may not fully represent the complex recalcitrance of real plant cell walls.
Recent advances in understanding ligninenzyme interactions
Enzymatic hydrolysis of cellulose is a process requiring a physical contact between glycoside hydrolases and their substrates, which is obstructed by lignins in various ways. Illustration of three different inhibitory mechanisms of lignin is shown in Fig 2. Insoluble lignin may block enzyme access to carbohydrate surfaces (Fig 2A) or it may irreversibly bind enzymes and prevent enzyme access to their substrate (Fig 2B) . The fate of the catalytic activity of adsorbed cellulases is under debate, as reports exist on lignin-bound cellulases retaining most of the activity (Rodrigues et al. 2012) , whereas there is also evidence suggesting gradual inactivation due to protein unfolding (Rahikainen et al. 2011) . Soluble lignin-derived compounds such as vanillin (Li et al. 2014a; Qin et al. 2016; Ximenes et al. 2010 ) may also act as enzyme inhibitors (Fig 2C) .
The attractive and repulsive interactions between lignin and cellulases
Enzymes, as proteins in general, are amphiphilic molecules and thus have a tendency to assembly at solidliquid interfaces. The reversibility of the protein binding process depends on the surface properties of a protein, but also on its structural stability (Haynes, Norde 1995) .
Structurally stable proteins may adsorb reversibly but the protein binding to a solid surface is often accompanied by several conformational changes in the folded structure, which generates stronger interactions with the surface and leads to irreversible binding (Haynes, Norde 1994; McGuire et al. 1995) . The negative impact of lignin on hydrolytic enzymes is intensified at elevated reaction temperatures (Börjesson et al. 2007a; Viikari et al. 2007) due to stronger associative interactions (Rahikainen et al. 2011) , which lead to unfolding and irreversible enzyme adsorption to lignin (Rahikainen et al. 2013c) . It seems logical that the underlying forces are due to hydrophobic interactions and alterations in hydration degree (Leikin et al. 1994 ) that increase protein-protein and protein-lignin association as temperature increases. Higher temperature may also increase the mobility of the protein molecule, which can lead to temporary exposure of structures with affinity for lignin, and thereby to stronger interaction. General enzyme denaturation events favoured by higher temperatures additionally account for activity loss independent of lignin presence. Structurally rigid thermostable enzymes are thus suggested to better withstand the presence of softwood lignin and harsher A B C conditions compared to enzymes from a mesophilic organism such as Trichoderma reesei (Rahikainen et al. 2013c; Viikari et al. 2007) , meaning that benefits of thermostable enzymes could be harnessed at typical reaction temperatures of 45−50 °C. The irreversible enzyme binding process likely involves several interdependent enzyme-lignin interactions as depicted in Fig 3. Enzymes carry positively and negatively charged groups and non-polar chemical moieties exposed at their surfaces, which can interact with lignin's oppositely charged functional groups. Due to their longrange effect (Penna et al. 2014 ) attractive electrostatic interactions have been argumented as the main driving force for enzymes onto lignin surfaces (Nakagame et al. 2011b; Norde 1996; Rahikainen et al. 2013a) , while other researchers have emphasized the effect of hydrophobic interactions (Qin et al. 2014; Sun et al. 2016) . Once the enzyme is at the proximity of the lignin surface, charged groups of enzymes may increase affinity to lignin via anion-π and cation-π (Dougherty 1996) interactions, while eventually non-charged interactions such as hydrophobic interactions, hydrogen bonding, including hydrogen-π bonding between aromatic rings (lignin or aromatic amino acids) and OH-groups (Suzuki et al. 1992 ) and hydrogen-π bonding from amino groups (Rodham et al. 1993 ) and aromatic units of lignin, can stabilize irreversible binding and unfolding of the enzyme (Fig 3) . It is noted that the relative magnitudes of these three main types of enzyme-lignin interactions have not been determined, and even if similar enzymes were used, variations can be expected depending on the type of biomass and applied pretreatment. Only a few recent works have attempted to assess the combined effect of the several factors behind lignin-enzyme interactions (Kellock et al. 2017; Sun et al. 2016) . A challenge of further research is to differentiate between the simultaneous forces and their possible specific surface patterns, and to provide a lucid mechanism for the irreversible adsorption and gradual inactivation of cellulases on lignin surfaces.
Electrostatic interactions
Attractive electrostatic interactions under hydrolysis conditions are based on the negative charge of lignin that remains in the solids after pretreatment, and the positive net charge of enzymes or individual surface-exposed cationic amino acid residues. Cellulolytic enzymes of T. reesei are used in commercial cellulose preparations. The isoelectric point (pI) values of the major endoglucanases and cellobiohydrolases of T. reesei vary between 4.3 and 6.2 (Table 1 ) meaning that at pH 5 of enzymatic saccharification reaction some of the cellulases are negatively and some positively charged. Accordingly, cellulases with a cationic net charge have been found to preferentially adsorb on lignin-containing surfaces at pH 5 (Kellock et al. 2017; Ko et al. 2015; Nakagame et al. 2011b; Rahikainen et al. 2013b) . Despite the dipole moment of enzymes due to non-uniform distribution of charged amino acid side chains (Fröhlich, 1975) , and presently incompletely understood contribution of anion-π interactions between enzymes and lignin, increasing the negative charge of lignin through pretreatments is beneficial to enzymatic saccharification (Kumar et al. 2011; Nakagame et al. 2011a; Sun et al. 2016; Yang, Pan 2016) , suggesting that repulsive electrostatic interactions can outplay the effect of the attractive ones. A recent study (Nordwald et al. 2014 ) and some patents (Cascao-Pereira et al. 2010; Lavigne et al. 2012; Scott et al. 2010) have also shown that engineering of enzymes with stronger anionic charge is a viable strategy to reduce unproductive enzyme adsorption to lignin. For instance, amino acid mutations that increased negative charge on a CBM of a chimeric Talaromyces emersonii cellobiohydrolase were found to direct enzyme binding to cellulose instead of lignin (Strobel et al. 2016) . Electrostatic repulsion between lignin and cellulases was increased also by carrying out enzymatic saccharification at elevated pH of 5.5−6 (Lou et al. 2013 ), albeit at the expense of reduced hydrolysis rates.
Hydrophobic and aromatic interactions
Hydrophobicity of lignin is a common term that is used when non-productive enzyme adsorption on lignocellulosic materials is being discussed. Despite many lignins being quite obviously more hydrophobic than cellulose, they are still in the grey region between the distinctly hydrophilic and hydrophobic materials. In fact, Várnai et al. (2013) . b pI of the major isoform is underlined water contact angles of 50-60° have been measured on lignin surfaces (Rahikainen et al. 2013b) . Classical hydrophobic effects arise from the desire of non-polar moieties or entire molecules to associate in order to separate from water. Aromatic rings and methoxyl groups are the obvious hydrophobic parts of lignins, but at the molecular level these are scattered around hydrophilic aliphatic and phenolic OH groups. Well hydrated surfaces prevent protein adsorption and hydrophobic ones promote it (Penna et al. 2014; Vogler 2012) , eventually causing denaturation of enzymes on lignin surfaces (Börjesson et al. 2007b ). However, non-catalytic soy bean proteins exhibited a higher extent of adsorption on organosolv lignin than on synthetic truly hydrophobic surfaces (Salas et al. 2013) . Therefore, surface roughness or other supramolecular features may also play a role in the hydrophobicity-mediated adsorption.
True aromatic interactions such as π-π stacking (Hunter, Sanders 1990), cation-π (Dougherty 1996), and anion-π interactions between lignin and enzymes are likely involved in unproductive enzyme binding, since mutations of aromatic amino acids to nonaromatic amino acids in enzymes (Rahikainen et al. 2013a) and peptides (Yamaguchi et al. 2016 ) reduce their affinity to lignin. Comparison of π-π interactions between enzymes and lignins with different proportions of free and etherified phenolic hydroxyl groups might bring useful information of the importance of aryl ether cleavage that occurs during pretreatments. Aromatic amino acids are not the only amino acids with hydrophobic character, and surface hydrophobicity in general has been suggested to correlate with the extent of lignin-binding (Sammond et al. 2014 ). However, some contradictory results have been recently reported; overall surface hydrophobicity of cellulases and a xylanase was not explicitly found to correlate with the extent of lignin-binding (Kellock et al. 2017) .
Aromatic side-chains on the flat face of cellulose binding modules (CBMs) of cellulases are highly important for their adsorption on lignin (Palonen et al. 2004; Rahikainen et al. 2013a; Strobel et al. 2015) . The major T. reesei cellulases possess a family 1 CBM, which is a small, wedge-shaped domain folded of ca. 40 amino acids (Kraulis et al. 1989) . Mutagenesis studies (Rahikainen et al. 2013a; Strobel et al. 2016 ) and molecular dynamics modelling (Vermaas et al. 2015) have shown that conserved aromatic amino acids residues in CBMs that are important for affinity to cellulose are also mediating enzyme binding to lignin (Börjesson et al. 2007a; Palonen et al. 2004 ). This may suggest that π-π interactions are involved in binding of cellulases to lignin, since the surface exposed aromatic amino acid residues of CBMs can readily stack with lignin's aromatic rings. Some CBM and linker mutations have been found to selectively reduce adsorption on lignin while preserving affinity to cellulose (Strobel et al. 2015 (Strobel et al. , 2016 . Another approach to circumvent adsorption of cellulases on lignin is to incorporate a cellulase mixture with a complex-forming sacrificial hydrophobic protein. Zong et al. (2016) preconditioned a mixture of T. reesei cellulases with hydrophobin and achieved 33% and 41% increases in enzymatic conversion of pretreated corn stover and Avicel cellulose compared to that obtained with cellulase alone.
Though not offering an economically feasible solution to the problem, it demonstrates that hydrophobic surfaces do play a key role in enzyme-lignin binding.
Hydrogen bonding
Hydrogen bonds are abundant and thus cannot be neglected in lignin-enzyme interactions. Most information related to hydrogen bonding functionalities is found about the abundance of phenolic and aliphatic OH groups in correlation to enzyme adsorption or saccharification performance Pan 2008; Sewalt et al. 1997; Sun et al. 2016; Yang, Pan 2016; Yu et al. 2014) . Accumulated results suggest that phenolic OH groups bind enzymes via hydrogen bonding, unlike aliphatic OH groups that reduce enzyme adsorption Sun et al. 2016; Yu et al. 2014) . After pretreatment, the residual amounts of these two types of OH groups are often intercorrelated, and the formation of phenolic OH groups may be accompanied with formation of condensed lignin in pretreatment, which has also been affiliated to enzyme inhibition ). However, detrimental effects can be reversed by blocking of phenolic OH groups.
Chelation of phenolic and carboxylic OH groups with Ca 2+ and Mg 2+ ions reduces hydrogen bonding between lignin and cellulases and also improves saccharification (Akimkulova et al. 2016; Liu et al. 2010 ). This chelation phenomenon also increases hydrophobicity of lignin, and can be used to precipitate lignin from alkaline solutions ) and so to improve fermentability of lignocellulosic hydrolysates (Palmqvist, Hahn-Hägerdal 2000) . Hydroxypropylation blocks covalently the phenolic OH groups while generating new aliphatic OH groups in lignin, and consequently reduces its inhibitory effect on cellulases (Pan 2008; Sewalt et al. 1997) . Because the replacement of phenolic OH groups with hydroxypropyl ether groups does not reduce the total number of hydroxyls, these results indicate that aliphatic OH groups may be less detrimental for enzyme binding via hydrogen bonds. Another mechanism which has not been elucidated yet is the increased steric hindrance from hydroxypropylation to π-π interactions between the aromatic ring and the enzyme. It is noted that also the spatial arrangement of the lignin molecule influences its surface properties, and hence further work is needed to determine the extent of enzyme binding to materials with known quantities of surface-accessible phenolic OH groups (Sipponen et al. 2014a) . Furthermore, hydrogen bonding between the multitude of possibly participating functionalities and particularly the role of carbonyl functionalities, formed by acidolysis and having a strong hydrogen bond acceptor capability, are topics that need to be addressed.
Effects of lignin source on enzyme-lignin interactions
Only minor inhibitory effects were observed when residual lignin, isolated after enzymatic hydrolysis of pretreated wheat straw, softwood, and hardwood, were mixed with cellulose during enzymatic hydrolysis (Rahikainen et al. 2013b; Yu et al. 2014) . Identical extents of inhibition to enzymatic hydrolysis of maize cell walls were obtained with H-, G-, and S-type DHPs as lignin models (Grabber et al. 1997) . Hydrothermal pretreatments (Rahikainen et al. 2013b; Sun et al. 2016) , as well as acidic and mild alkaline pretreatments ) increase the inhibitory effect of lignins irrespective of their botanical origin; the increasing inhibitory effect is further shown to correlate with increasing pretreatment severity . Furthermore, although native-type lignins of different botanical origin do not differ in their inhibitory effect as such, they do show differences in their reactions under given pretreatment conditions. It is known that softwood requires pretreatment conditions that are more severe compared to those applied to hardwood or herbaceous feedstocks (Rahikainen et al. 2013b ). Due to their lower methoxyl content, softwood lignins are generally more prone under these relatively severe pretreatment conditions to formation of inhibitory and recalcitrant condensed structures. However, condensed phenolic groups occur also in lignins in pretreated hardwood Yu et al. 2014) , and compared to softwoods, hardwoods and grasses contain more pentosans (Scheller, Ulvskov 2010 ) that generate lignin-type inhibitory polymerization products from furfural under acidic pretreatment conditions. Side-by-side comparisons of acid-catalyzed pretreatments of different types of biomass is needed to shed light on the underlying reasons causing non-productive enzyme adsorption.
The role of surface distribution of lignin and hemicelluloses
Due to the well demonstrated non-productive adsorption of enzymes on lignin, the degree of surface coverage by lignin of a solid substrate that is being hydrolysed is crucial. As has been demonstrated (Sipponen et al. 2014b) , the area of lignocellulosic material covered by lignin can decrease to a half of its original level in hydrothermal pretreatment of wheat straw, and this effect can be correlated to increased enzymatic conversion of cellulose to glucose. Nevertheless, removal or redistribution of lignin (Chundawat et al. 2011; Donohoe et al. 2008 ) and hemicelluloses also simultaneously increases the total volume of enzyme-accessible micropores within the substrate, a factor that correlates with hydrolysability (Torr et al. 2016) . While pretreatments generally have a major effect on lignin surface area and chemistry, only minor changes have been observed in surface-displayed phenolic OH groups during enzymatic hydrolysis, regardless of the degree of saccharification (Pihlajaniemi et al. 2016a ). State of the art imaging techniques and surface sensitive chemical analysis procedures should be taken into wider use to analyse the surface distribution of lignin.
Presence of lignin as a saccharificationenhancing factor
Several fairly recent studies report positive effects on enzymatic saccharification yields in the presence of supplemented lignins or after partial delignification of pretreated substrates (Lai et al. 2014 Leskinen et al. 2017; . It is now understood that it is important to maintain a low content of hemicellulose or lignin in the pretreated biomass to avoid collapse of the porous cellulose matrix (Pihlajaniemi et al. 2016b; Zhang et al. 2016) . One of the proposed direct positive effects is the ability of lignin to facilitate the oxidative cleavage of cellulose by lytic polysaccharide monoxygenases (LPMOs) (Müller et al. 2015; Rodríguez-Zúñiga et al. 2015) . Besides lignins originating from the pretreatment processes, positive effects of lignosulfonates (Zhou et al. 2013a ) and other lignin derivatives (Cheng et al. 2014; Lin et al. 2015; Nakagame et al. 2011b ) have been shown. Intriguingly, organosolv lignin from hardwood enhanced hydrolysis of various substrates, while negative effects were observed for the corresponding softwood lignin (Lai et al. 2014 ). The positive effect was rationalized by weak and reversible adsorption of cellulases, while the negative effects arose from strong irreversible binding onto softwood lignin. Later work from the same group and from the authors of this review (Leskinen et al. 2017 ) have demonstrated similar affinity-related dualistic effects between solvent extractable and residual hardwood lignin fractions.
The macromolecular architecture and consequently the accessibility of certain functional groups of insoluble lignin fractions play important roles on the inhibiting effect of lignin. Low molecular weight and hydrophilic/amphipathic fractions of lignin (Leskinen et al. 2017 ) may act in similar fashion as some nonionic surfactants that increase saccharification yields (Eckard et al. 2013) . Lignin fractions that possess weak interactions with enzymes reduce irreversible binding of enzymes on specific cellulose surfaces. Especially endoglucanases would rationally benefit from the presence of some lignin that facilitates their desorption from cellulose surfaces . Overall, these phenomena demonstrate well the complexity of enzyme interactions with lignified substrates, and call for detailed understanding of enzyme interaction with chemically divergent lignin structures.
Structural changes in lignin during common lignocellulose pretreatments
The native structure of lignin is severely modified during lignocellulose pretreatments. Table 2 lists established structural changes in lignin that may have either detrimental or beneficial impact on saccharification. In general, detrimental effects can be related to increased adsorption of enzymes on lignin. Despite generally showing inverse correlation to saccharification, lignin content exhibits poor correlation to hydrolyzability after dilute acid (DA) and autohydrolysis (Sipponen et al. 2014b ) pretreatments because of the associated major morphological and structural changes in lignin and hemicelluloses. Direct chemical changes in lignin that are well documented for their impeding effect on saccharification include formation of condensed units Sun et al. 2016; Yu et al. 2014) , free phenolic OH groups Pan 2008; Sewalt et al. 1997; Sun et al. 2016; Yang, Pan 2016) , and watersoluble phenolic degradation products (Li et al. 2014b; Qin et al. 2016; Ximenes et al. 2010) . It is noted that many changes in lignin occurring in pretreatments are intercorrelated; formation of carboxylic groups is accompanied with the cleavage of β-ethers, loss of aliphatic OH groups, and formation of free phenolic OH groups as well as condensed lignin units. Sipponen et al. 2014b) Wheat straw, several wood and grass species a : A low amount of lignin may have some beneficial effects to enzymatic hydrolysis of associated cellulose, as discussed in above b : Inversely correlated to the formation of condensed lignin units. Chemical modification of lignin occurs in the presence of nucleophilic chemicals during pretreatments. Most of these reactions take place at the aliphatic chain and beneficially block the lignin condensation reactions. Obvious examples are alkoxylation (Bauer et al. 2012; Kubo, Kadla 2004; Lancefield et al. 2017 ) and sulphonation (Lou et al. 2013; Zhou et al. 2013b ) at the C-α position, and reactions with so-called carbocation scavengers supplemented to autohydrolysis pretreatments (Li et al. 2007; Pielhop et al. 2016; . Acidic hydrothermal processes form resinous degradation products, termed pseudo-lignin or humins, which resemble lignin in terms of structural features Van Zandvoort et al. 2013 ) and in their detrimental adsorption of cellulases . Finally, it has been established that the proportion of the surfaceoccupied by lignin is more influential to enzyme performance than the mere bulk lignin content as such .
Reaction routes of acidic pretreatments
The broad use of acidic pretreatments (autohydrolysis, steam-explosion, dilute acid etc.) can be rationalized by the structural acidity of lignocellulosic biomass. The prevailing lignin-modifying reaction under acidic conditions is the generation of a benzylic carbocation followed by the cleavage of the β-aryl ether bond (Lundquist, Lundgren, 1972) or nucleophilic attack at the benzylic position, which defines the fate of the lignin side chain (Gierer, 1985) . Fig 4 shows possible lignin side chain modifications occurring during acid-catalyzed pretreatments. Quinone methide formation represents the key initial step in aliphatic side chain modification and fragmentation reactions (Gierer 1985) . Protonation of the benzylic hydroxyl followed by the loss of water generates the corresponding benzyl cation. The protonated quinone methide intermediate can be easily generated either with free phenolic end groups or with etherified. C-4 position (shown). Fragmentation of the side chain results from the proton abstraction and eventual loss of formaldehyde that yield aryl enol ethers (Fig 4 Route A) . These species are not stable under acidic conditions and undergo hydrolysis to Hibbert ketones and phenyl acetic aldehydes (Fig 4 Routes B−C). Released formaldehyde (Lundquist, Ericsson, 1970) can, in turn, undergo condensation reactions via hydroxymethylation of the aromatic ring to generate diphenylmethane motifs, or alternatively form cyclic acetal structures with unmodified side chains (Shuai et al. 2016a ). The main reaction pathway for the benzylic cation under acidic pathway is the nucleophilic addition to the C-α of the lignin side chain . When the nucleophile is a phenolic fragment or lignin terminal unit, -5' condensed motifs are formed (Fig 4  Route D) . Sugars present in solution can also undergo nucleophilic attack at the C- carbon, yielding LCC structures, albeit in low amount (Fig 4 Route E) .
Reactions routes of alkaline pretreatments
Alkaline biomass pretreatments take inspiration from technologies established in the pulp & paper industry (Jiang et al. 2016; Pihlajaniemi et al. 2016c; Qing et al. 2016; , and also lay the basis for the oxidative upgrading of lignin (Lange et al. 2013; Zakzeski et al. 2010) . The key step for lignin degradation under alkaline conditions is the generation of quinone methides from phenolate anions shown in Fig 5 (Dimmel, 1985; Dimmel, Gellerstedt, 2010; Dimmel, Schuller, 1986; Dimmel, Shepard, 1982; Dyall, Winstein, 1972; Gierer, 1985; Gierer, Lindeberg, 1980; Landucci, 1981; Ralph, Adams, 1983; Suckling, 1988) . The deprotonated intermediate can lose formaldehyde from the side chain and generate aryl enol ethers, which are stable under alkaline conditions. Therefore such substructures are present in isolated soda lignin, or, according to the different processing conditions, can in turn undergo transformation into Hibbert ketones and contemporary fragmentation of the side chain (Fig 5, route A) (Gierer 1985) . This constitutes the main reaction pathway during soda pulping. The quinone methide intermediate can also undergo nucleophilic addition at the C-position. Consequently, phenolate anion nucleophiles from monomeric fragments or terminal moieties of lignin oligomers induce the formation of condensed -5' bonded units (Fig 5 Route B) . Lignin-carbohydrate bonds can be generated when sugar residues undergo nucleophilic addition to the benzylic position (Fig 5 route C) (Gierer, Wännström 1984) . In the case of nonphenolic -aryl ether bonds an intermediate epoxide is formed. Nucleophilic opening of this structure is followed by side chain fragmentation (Fig 5, Route E) .
Hydrosulphide ion is the active nucleophile in kraft pulping (Chakar, Ragauskas 2004; Gierer 1980) . It gives rise to an episulfide intermediate which undergoes redox reactions with the generation of cinnamyl alcohols (Gierer 1985) . Accompanying complex redox processes give rise to fragments carrying one or two carbons in the side chain (Fig 5 route D) (Majtnerová, Gellerstedt 2006) . Sulphur radicals have been speculated to favour the oxidative repolymerization of lignin fragments via formation of condensed 5-5' and 4-O-5' linkages (Froass et al. 1998; Majtnerová, Gellerstedt 2006) . Lignins isolated from alkaline kraft or soda cooking liquors show a significantly reduced amount of aryl ether bonds (Chakar, Ragauskas 2004; Crestini et al. 2017 ). In addition, some methoxyl groups are converted to OH groups in demethylation reactions (Crestini et al. 2017; Gierer 1985) . The aliphatic OH groups are largely depleted and only a few unmodified aliphatic side chains survive (Crestini et al. 2017; Chakar, Ragauskas 2004 ). Consequently, the lignin backbone is mainly constituted of condensed aromatic units arising from condensation and oxidative re-polymerization of lignin-derived fragments.
Several ammonia based pretreatment technologies have been developed. Ammonia fibre expansion (AFEX) uses gaseous ammonia to alter the biomass structure without removal of lignin (Balan et al. 2009 ). Ammonia recycled percolation (ARP) uses aqueous ammonia in a percolation mode and dissolves mainly lignin (Wu, Lee 1997) . Extractive ammonia (EA) differs from ARP in that it uses anhydrous ammonia and converts crystalline cellulose to the allomorph III which itself facilitates saccharification , as also suggested with AFEX substrates (Gao et al. 2013) . Treatment of cellulolytic enzyme lignin with aqueous ammonia caused a detrimental increase in the adsorption affinity and binding strength of cellulases (Yoo et al. 2017) . Further work is needed to clarify whether this elevated affinity to cellulase binding is caused by the documented generation of lignin-derived amides and other nitrogeneous products (Bouxin et al. 2014; Chundawat et al. 2010) . AFEX pretreatment of corn stover released inhibitory substances to hydrolytic enzymes, including < 3kDa water-soluble phenolic and Maillard products (Humpula et al. 2014 ). However, very little is known about the structure of insoluble lignin that remains in the pretreated solids after AFEX treatment.
Pretreatments using novel delignification solvents
Various types of ionic liquids (ILs) can rather selectively dissolve cellulose, hemicellulose, and lignin, or all of these simultaneously (Brandt et al. 2013; Elgharbawy et al. 2016; Leskinen et al. 2014) . The ability of ILs to convert cellulose to an amorphous form is highly effective in making lignocellulose substrates more amenable to enzymatic saccharification (Elgharbawy et al. 2016 ; Tadesse 
2014
; Varanasi et al. 2012; Wen et al. 2014) , which also determines the extent of lignin modifying reactions. (Brandt et al. 2013; Leskinen et al. 2014; Wen et al. 2014) , reduces the number of aliphatic OH groups , and increases the frequency of condensed linkages Torr et al. 2012; Wen et al. 2014 ) and phenolic OH groups Wen et al. 2014) . Protic ILs that can be recycled by distillation hold potential for development of less expensive processes (Achinivu et al. 2014) . However, the choice of IL and process conditions is important. A recent study showed that triethylammonium hydrogensulfate, an acidic protic IL, increased the proportion of condensed linkages more than neutral or basic ILs during depolymerization of kraft lignin (Dutta et al. 2017) . Stability of the ILs, their complete recovery from biomass (Brandt et al. 2013) , and the intolerance of cellulases to ILs need amelioration (Wahlström, Suurnäkki 2015) . Deep eutectic solvents (DESs) are generally more affordable and environmentally friendly ionic pretreatment solvents compared to ILs . However, DESs are hitherto less efficient than ILs in improving saccharification yields (Wahlström et al. 2016; Xia et al. 2014) , and likewise to ILs inactivate cellulases (Lehmann et al. 2014) . Acid-catalyzed cleavage of lignin β-ether linkages may occur at elevated temperatures in the presence of DESs with relatively minor extent of sidechain fragmentation (Alvarez-Vasco et al. 2016) , but this point needs further confirmation as new DESs are being tested. In summary, the research with DESs is in its infancy, and in addition to, or instead of, bulk lignocellulose pretreatment, DESs may better serve as selective extraction solvents, e.g. for phenolic compounds (Loow et al. 2017 ). Fractionation of lignocellulose using aqueous γ-valerolactone (GVL) has been recently developed Luterbacher et al. 2014) . In addition to its ability to dissolve lignin, GVL promotes hydrolysis of polysaccharides by reducing the activation energy of glycosidic bond cleavage during pretreatment (Mellmer et al. 2014a, b) . GVL pretreatment of hardwood was effective at relatively low temperature of 120 °C unlike pretreatments with aqueous tetrahydrofuran (THF), ethanol, dilute acid, or dilute alkali (Shuai et al. 2016b ). Scarce information is available on GVL lignins, but very slight increases in phenolic OH (Lê et al. 2016 ) and drops in aliphatic OH contents (Lê et al. 2016; Zhou et al. 2016) suggest that β-ethers are cleaved only moderately.
Lignocellulose pretreatment in aqueous THF effectively dissolves lignin and restricts its condensation in the solid fraction, thus avoiding formation of detrimental structures to enzymes used in saccharification . Lignin solutions in THF have been used to produce spherical lignin nanoparticle colloids (Lievonen et al. 2015) and here might be an opportunity for process integration. In contrast to water-miscible THF, 2-methyltetrahydro-furan and water phase separate -a fact that facilitates solvent recycling. By using this biphasic system in the presence of oxalic acid, hydrolysis of hemicelluloses, dissolution of lignin, and their separation from insoluble cellulose fraction was demonstrated . A common feature of all of these emerging delignification solvent pretreatments is that initial process development has predominated over structural studies of lignin. As these processes develop towards commercial maturity, more detailed characterization of lignin will be needed.
Summing up pretreatment effects on lignin
The effect of lignin on enzymatic saccharification after pretreatment boils down to the residual amount of lignin and surface area occupied by lignin, as well as its chemical modification that has ultimate effects on its interaction with enzymes used for enzymatic biorefinery attempts. All of these together determine the quantity and nature of enzyme-lignin interactions. Table 3 summarizes changes in functionalities of lignin from various biomass types as a result of different types of pretreatments. The beneficial or detrimental effects indicated by upward and downward pointing arrows are based on the relationship between structural characteristics and their impact on saccharification as listed in Table 2 above. Cleavage of aryl ether bonds of lignin is achieved by alkaline delignification processes as well as acidic processes including autohydrolysis and DA treatments, and similarly, condensed lignin is formed in both cases. Overall it seems that the most favourable pretreatments cause a high level of lignin removal and increase anionic charge of the residual lignin. 
Fig 6 -Effect of different pretreatment types on specific lignin characteristics (lignin content, condensed linkages, phenolic OH, aliphatic OG, and carboxylic groups) The beneficial or detrimental effect on enzymatic saccharification that is associated with increase or decrease in these characteristics is illustrated with green gradient or red patterned bars, respectively. The order of pretreatments, letter coded from A to N, is similar to that shown in Table 3 .
A central aim of this review was to elucidate the interplay between structural changes in lignin and observed effects on enzymatic saccharification. Table 2 above summarized literature on effects of various structural changes on saccharification, while Table 3 earmarked the selected most comprehensively documented changes (lignin content, condensed linkages, and aliphatic, phenolic and carboxylic hydroxyl functionalities) to 14 common pretreatments. As a synthesis of these two tables, Fig 6 presents a simplified bar chart showing changes in the five categories of lignin characteristics and the associated effects on enzymatic saccharification. Qualitative changes in lignin characteristics are indicated with bars pointing left (decrease) or right (increase), while the colour of the bar describes the associated effect on enzymatic saccharification. It is noted that the figure does not attempt to provide quantitative information, but nevertheless may serve as a useful resource to assess rather complex and interdependent structure-function relationship in this area.
There are two categories in which positive effectS on enzymatic saccharification can be realized. Decreasing lignin content is the most obvious one, with exceptions of autohydrolysis and dilute acid pretreatments, which may increase lignin content, and AFEX that does not cause alterations in this parameter. Increasing carboxylic acid content appears to occur in eight of the fourteen pretreatments evaluated, improving saccharification. As discussed in more detail in the preceding sections, many of the chemical changes are intercorrelated. Predominant increase in the extent of condensed linkages and phenolic hydroxyl content is associated with loss of aliphatic hydroxyls during degradation of lignin either in acid or base catalyzed reactions; each of these have a detrimental effect on enzymatic saccharification. Some non-existing bars in Fig 6 indicate lack of data or unestablished understanding especially with most recent solvent-based pretreatments.
Perspective and recommendations on future directions
It is clear that more research is needed to fill the blank spaces in the effects that various emerging pretreatments have on lignin, both structurally and topographically with consequences to saccharification.
Side-by-side comparison of softwood, hardwood and grass biomass could help generalize the effects of pretreatments on enzyme-lignin interactions as much as it is possible crossing various lignin origins. Enzymatic saccharification assays should be conducted using "reasonably low" cellulase dosages because excess amount of enzymes can cover lignin and hide detrimental non-productive adsorptive loss of activity (Shen et al. 2016) . Viable cellulosic bioethanol production likely requires cellulase dosages below 5 FPU/g dry substrate, and it is this range where greatest benefits from process optimization or utilization of lignin blocking additives can be seen (Eckard et al. 2013; Leskinen et al. 2015b 
